ABSTRACT Wireless power transfer is able to provide sustainable and relatively stable energy supply for battery-powered wireless sensor networks. This paper investigates how to optimally design a wireless powered sensor network with minimal power requirements. To this end, we formulate an optimization problem to minimize the total energy consumption at two remote radio units (RRUs) by jointly optimizing energy beamforming and time assignment, where the circuit energy consumption including basic circuit and information processing energy consumption at sensors is taken into account in order to achieve a more practical and general system design. To solve this non-convex optimization problem, an efficient solution method is presented on the basis of variable substitutions and semidefinite relaxation technique. We analyze the optimality of our proposed solution method. When the number of sensors is not more than four, the rankone constraint is always guaranteed. When it is larger than four, we show that with our proposed solution method via simulations, an approximate global optimal result can be achieved. Simulation results also show that by jointly optimizing the energy beamforming and time assignment, the system required power can be greatly reduced, while the energy beamforming has greater effect than time assignment on the proposed system. Moreover, it is shown that for fixed non-zero circuit energy consumption (including the static part and the dynamic part), the total energy consumption at the RRUs almost linearly increases with the increment of transmission rate requirement. Besides, the total energy consumption at two RRUs caused by different numbers of enjoyers and collaborators is also discussed.
I. INTRODUCTION
Wireless energy transfer (WET), which carries energy harvesting (EH) from transmitters to their receivers via radio frequency (RF) signals, is able to provide sustainable and controllable energy [1] - [5] . Therefore, it has drawn much attention to prolong the lifetime of the networks in wireless networks. It opens up a new methodology to design sustainable wireless sensor network (WSN) working in Internet of Things (IoT), which enable the physical objects to connect with each other via information and energy cooperation [6] . For example, the wireless sensors deployed in wireless powered communication networks (WPCNs), where wireless devices may firstly harvest energy in the downlink transmission and then transmit information in the uplink transmission [7] , [8] .
In a typical WPCN, the downlink stage is from an energy access point (EAP) to its wireless devices, while the uplink stage is from the wireless devices to an data access point (DAP). The EAP and the DAP can be either separately or co-located deployed. For the separated case, the EAP and DAP can be implemented by different physical entities, which have different antenna deployment and channel conditions. It is flexible to deploy EAP and DAP, which brings relatively simple hardware implementation, e.g., [9] , [10] . For the co-located case, it has the common physical entity to achieve the function of both EAP and DAP, so the co-located EAP and DAP is also called hybrid access point (HAP). In practical wireless systems, HAP can be realized by various devices, such as basestations in cellular networks, secondary users or primary users in cognitive radio networks, Wi-Fi access points in WLANs and sink nodes in sensor networks.
As the HAP aided WPCNs has wide applications, a lot of works have studied it in various wireless systems. For example, in [11] , the sum-throughput of all users was maximized via time assignment for uplink and downlink, where however, both users and the HAP were equipped with single antenna. As is known, with beamforming technology, both information and energy transmission efficiency of the multiantenna HAP can be greatly enhanced. Thus, some works investigated the multi-antenna HAP-aided WPCNs. In [12] and [13] , the authors studied the throughput maximization problem via optimizing energy beamforming. In order to meet the green communication requirement in further wireless networks, energy efficient (EE) WPCN design is of great importance [14] , [15] . Therefore, in [16] and [17] , the EE was maximized, and in [18] and [19] the total power (or energy) consumption of the system was minimized for WPCNs perspective. Besides, in [18] , a joint data and energy transfer optimization framework was proposed, and in [19] , a user scheduling scheme was presented to minimize the system energy consumption. Therefore, in our work, we also investigate the energy consumption minimization for WPCNs.
Compared with the existing works, some differences are stressed as follows.
• All the mentioned existing works ignored the circuit energy consumption (including basic circuit energy consumption and information processing energy consumption) at users. Since the circuit energy consumption may affect the system performance, we consider it in our work. Although some work began to take the effect of circuit energy consumption into account, e.g., [20] , they just considered the static part of circuit energy consumption (i.e., the basic circuit energy consumption), while the dynamic part (i.e., information processing energy consumption) was not involved. Therefore, our investigation may be closer to practice.
• In existing works, all sensors were assumed to have data to transmit in the uplink stage, but in practical systems, not all sensors have data to transmit. Some sensors (i.e., collaborators) participate in both the downlink energy transmission and the uplink information transmission while others (i.e., enjoyers) may just participate in the downlink stage to harvest energy. Thus, in our work, both collaborators and enjoyers are assumed to co-exist, which is more general compared with existing ones.
• In most existing works, only one multi-antenna HAP was considered. In practical system, there may be more than one sink node, so two or more HAPs can be employed to provide a wider range of energy coverage. Therefore, in our work, we consider two remote radio units (RRUs) scenario, where the RRUs are connected with the cloud processing center via optical fiber, to realize the function of HAP. All sensors are assumed to harvest energy from these RRUs and then the collaborators broadcast their information to two RRUs. For such a system, our goal is to achieve the minimal energy consumption. The contributions are summarized as follows. Firstly, by considering the energy consumption of the circuit and information processing at sensors, we formulate an optimization problem to minimize the energy consumption at two RRUs via jointly optimizing energy beamforming and time assignment. Secondly, since the problem is non-convex, we adopt variable substitutions and semidefinite relaxation (SDR) method to solve it efficiently. And we theoretically prove that when the number of sensors are not more than 4, the rank-one constraint in the primal problem is always guaranteed. Thirdly, simulation results are provided to discuss the system performance. It is shown that for fixed non-zero circuit energy consumption (including the static part and the dynamic part), the total energy consumption at the RRUs almost linearly increases with the increment of transmission rate requirement. Furthermore, we discuss the effect of both the energy consumption of the circuit and information processing and the number of the sensors (i.e., both the numbers of enjoyers and collaborators) on the system performance.
The rest of this paper is organized as follows. In section II, the system model is presented. In section III, we formulates the optimization problem and solves it by SDR technique. Simulation results are shown in section IV, and finally, the paper is concluded in section V.
II. SYSTEM MODEL
We consider a multi-user WPCN as depicted in Fig. 1 , which consists of a processing center at cloud, two RRUs and multiple single-antenna sensors. All sensors are energy constrained, so they have to harvest energy via RF signals from the two RRUs with fixed power supply. The sensors are divided into two categories according to whether they participating in the information transmission. We assume that S E sensors (called enjoyers) just harvest energy from the RRUs and have no information to transmit, and they can be regarded as a group, denoted as S E . S C sensors (called collaborators) harvest energy firstly, and then they transmit their collected data to the two RRUs, and they can be regarded as another group denoted by S C . For a period of time, the collaborators have to complete their data transmission to the RRUs by consuming their harvested energy, while the enjoyers do not participate in the data transmission part. In order to transfer energy and information efficiently, the RRUs are deployed with multiple antennas (i.e., M antennas), respectively.
We assume all channels to be block fading channels, whose channel coefficients can be treated as constants over a block time T and they are independent from block to block, following Rayleigh distribution. The channel coefficient between RRU 1 and the i-th sensors h i ∈ C N ×1 is given by
where − h i describes the small-scale channel fading, d 1i represents the distance between RRU 1 and the i-th sensors, and α is the exponent of path loss. The channel coefficient between RRU 2 and the i-th sensors g i ∈ C N ×1 is given by
where − g i describes the small-scale channel fading and d 2i represents the distance between RRU 2 and the i-th sensors. Fig. 2 illustrates our proposed protocol. We assume that the energy transfer (ET) phase and information transfer (IT) phase have to complete within one fading block, whose time period is T . Without loss of generality, T is normalized into 1. This time period is divided into S C + 1 slots, i.e., τ 0 , τ 1 , τ 2 , . . . , τ S C . We treat τ 0 as the time interval of ET, which means all sensors (including all enjoyers and collaborators) harvest energy from two RRUs in τ 0 , and the rest time are for collaborators to complete their IT. Therefore, the whole transmission including ET phase and IT phase must satisfy
T as a time assignment vector, it must satisfy that
As aforementioned, the two RRUs simultaneously transfer energy via RF signals to all sensors during ET phase. Due to their deployed multiple antennas, we adopt the energy beamforming to enhance the ET efficiency. Let x 1e with E{|x 1e | 2 } = 1 and x 2e with E{|x 2e | 2 } = 1 be the energy symbol per unit at RRU 1 and RRU 2 , respectively. And their related beamforming vectors are w 1 ∈ C N ×1 and w 2 ∈ C N ×1 , respectively. At the i-th sensor node, its received signal from the two RRUs is
where n i ∼ CN (0, σ 2 ) is additive white Gaussian noise (AWGN) at the i-th sensor node. Therefore, the harvested energy at the i-th sensor node can be given by
where η ∈ {0, 1} denotes the energy conversion efficiency.
After ET phase, enjoyers will not participate in the information transmission in the following phase. They just store the harvested energy in their batteries. Let E th be the minimal expected energy, it satisfies that
For the collaborators, they participate in the information transmission of the IT phase, and they are scheduled in a Time Division Multiple Access (TDMA) manner. Although the RRUs are supplied by big batteries, these batteries may have finite capacities. In order to alleviate computing and processing energy consumption at RRUs, it is assumed that RRUs only receive the information signals and transfer them via fiber optic cable to the processing center at cloud. Let x i with E{|x i | 2 } = 1 be the information symbol from the i-th collaborator to the cloud processing center through RRUs. In the time interval related to i-th collaborator (i.e., the slot of τ i and i = 0) , the received signal at the processing center can be given by
where n 0 ∼ CN (0, σ 2 I N ) is the AWGN vector, and p i denotes the transmit power at the i-th collaborators. So, for the i-th collaborator, the achievable information rate at the processing center with maximum-ratio combining (MRC) can be given by
In order to completely transfer all data amount at the collaborators, it must satisfy that
where R i is the required transmitted data amount from the i-th collaborator to the RRUs. One can know that p i τ i is the required energy for information transmission at the i-th collaborator. Besides, it requires some energy (i.e., Q i ) to be stored for maintaining its circuit. As the required energy for both information transmission and circuit consumption has to be harvested from the two RRUs, which must satisfy that
Furthermore, the circuit energy consumption consists of the static part and the dynamic part, where static part is used for driving basic circuit, and the dynamic part is used for processing information, which is related to the data amount because processing more data should use more energy. Therefore, Q i can be further expressed by
where Q 0 is the static part, and β i denotes the energy consumption for information processing per bit. Note that in existing works, Q i was not considered, which means they neglected the circuit energy consumption at the sensors. Here, we consider Q i in our work, which may be more general in practice.
III. PROBLEM FORMULATION AND SOLUTIONS

A. PROBLEM FORMULATION
The RRUs have finite battery capacities, so they need to minimize the energy consumed to charge all sensors (i.e., enjoyers and collaborators) and collect data from all collaborators within a time period.
By defining p = [p 1 , . . . , p S C ] T as power allocation vector, mathematically, we formulate the optimization problem as
The objective function and constraints (2) and (4) are with coupled variables. Therefore, problem P 0 is not convex and it cannot be solved by using some known methods. So we solve it as follows.
B. ANALYSIS AND SOLUTIONS
Firstly, by introducing W k = w k w H k for k ∈ {1, 2}, which satisfies that
we can respectively rewrite the constraints (2) and (4) to be
and
And the objective function of problem P 0 can be rewritten as 2 k=1 τ 0 Tr(W k ). Consequently, we obtain an equivalent problem transformation from problem P 0 to (3) , (6) , (7) , (8) .
However, there still exists coupled variables in the constraints (7) and (8), which results in the non-convexity of problem P 1 .
In order to transform it to be convex, we further introduce two new variable S i = p i τ i and U k = τ 0 W k . With the two variables, (3), (6), (7) and (8) can be respectively rewritten as (12) and
Moreover, the objective function is transformed into 2 k=1 Tr(U k ). By defining S = S 1 , S 2 , . . . , S S C T , we rewrite problem P 1 into an equivalent one, i.e., (10) , (11) , (12) , (13) . (14) It is observed that problem P 2 without the rank-one constraint in (11) is convex, so we relax the problem via the SDR method [21] . By dropping the rank-one constraint, problem P 2 is transformed into (10) , (12) , (13) ,
Problem P 3 is a convex optimization problem because its objective function is affine and all the constraints are convex sets. Therefore, its optimal solution (U * 1 , U * 2 , τ * , S * ) can be obtained by using some standard convex problem solution methods.
Theorem 1: When S C + S E ≤ 4, the rank-one constraint (i.e., rank (U k ) = 1, ∀k ∈ {1, 2}) is always guaranteed. That is, when S C + S E ≤ 4, problem P 2 achieves the global optimum.
Proof: Consider the following convex optimization problem, Q : min
where
Suppose that the optimal solution of this convex optimization problem is (U 1 , U 2 ). Because problem Q has a larger feasible constraint set than problem P 3 , so U * 1 and U * 2 are feasible for problem Q, which satisfy that
Tr(U * l ) should not exceed the transmitting energy of two RRUs, and thus 2 l=1 Tr(U l ) is also less than that. So (U 1 , U 2 ) is also feasible for problem P 3 , which satisfies that
Tr(U l ). Therefore, the optimal value of problem P 3 and problem Q are equal. And S * in problem Q, which is related to p * and τ * , is the optimal solution in problem P 3 , so U * l = U l . From [22] , we can obtain that problem Q always has an optimal solution (U *
If S E + S C ≤ 4, rank 2 (U 1 * ) < 4 and rank 2 (U 2 * ) < 4 can be simultaneously satisfied, which means both rank(U 1 * ) = 1 and rank(U 2 * ) = 1. If S E + S C > 4, the rank-one constraint is not always guaranteed, such as rank 2 (U 1 * ) = 4 and rank 2 (U 2 * ) = 1. If the optimal matrix U * 1 and U * 2 obtained from problem P 3 are rank-one, we can recovered optimal w * 1 and w * 2 from the eigenvalue decomposition (EVD) of matrix W * 1 and W * 2 , respectively. If not, sum of the maximal eigenvalue of matrix W * 1 and W * 2 replace the sum of trace and using their relative eigenvector to recover w * 1 and w * 2 approximately.
When S E + S C > 4, it is difficult to analyze the optimality. Thus, we shall discuss it via simulations in Section IV.
IV. SIMULATION RESULTS
This section provides some simulation results to discuss the system performance. In the simulations, we assume η = 1, M = 12, σ 2 is 0.1mW/Hz, α = 2, and E th = 0.01J. The distances from two RRUs to all sensors are randomly selected from 5-15m, respectively. Without loss of generality, we assume that R i , β i and Q i at all sensors are the same, which are represented as R, β and Q for short, respectively.
A. COMPARISON WITH DIFFERENT BENCHMARK SYSTEMS
For comparison, we also simulate other three benchmark systems. In the first benchmark method (i.e., RBRT), both the time assignment and the energy beamforming vectors are randomly generated. In the second benchmark method (i.e., RBOT), only the time assignment is optimized and the energy beamforming vectors are randomly generated. In the third one method (i.e., RTOB), only the energy beamforming vectors are optimized and the time assignment is randomly generated. In the simulations associated with Fig. 3 , S E = 2 and S C = 2. It is observed that our proposed joint optimal energy beamforming and time assignment method (i.e., JOBTA), achieves the best performance gain among four mentioned methods. Moreover, it is observed that RTOB is superior to RBOT, which means energy beamforming has greater effect on system performance than time assignment. Fig. 4 plots the total energy consumption at the RRUs versus the transmission requirement of the sensors R with S E = 2 and S C = 2. We observe that all curves grow with the increment of R, since more data causes more energy to transmit and process the information. It is also observed that for the curves associated with the same Q 0 (or β), the larger β (or Q 0 ) results VOLUME 5, 2017 in the higher energy consumption at the RRUs. Moreover, the effect of Q 0 is greater than β because the ratio of Q 0 to the total energy consumption is relatively large. For the same Q 0 , greater β results in greater energy consumption at RRUs. And for the same β, every slope of the related curve is nearly the same. Furthermore, it is shown that for fixed non-zero circuit energy consumption (including static part and dynamic part), the total energy consumption at the RRUs almost linearly increases with the increment of transmission requirement.
B. THE EFFECT OF Q ON TOTAL ENERGY CONSUMPTION AT THE RRUs
C. THE EFFECT OF THE NUMBER OF S E AND S C ON TOTAL ENERGY CONSUMPTION AT THE RRUs
In the following figures, the curves marked with ''SDR'' represent the optimal value directly obtained by solving problem P 3 and those marked with ''Optimum'' represent the optimal value of problem P 0 obtained by maximal eigenvalue substitution.
1) THE EFFECT OF S E AND S C WITH S E
Firstly, Fig. 5 verifies that the rank-one constraint is guaranteed when S E + S C = 4 because the curves marked with ''SDR'' coincide with the related curves marked with ''Optimum''. Moreover, different numbers of S E and S C show different influences on the total energy consumption at the RRUs. With S E + S C = 4, it is observed that the curves of fewer S E consume relatively fewer energy for a relatively small R, but with the increment of R, the curves grow more quickly. The reason is that when R is relatively small, the energy is mainly consumed by the energy storage of the enjoyers. But when R is relatively large, the energy consumption for processing information at collaborators becomes larger.
2) THE EFFECT OF S E AND S C WITH S E + S C > 4
From Theorem 1, it is known that the rank-one constraint is not always guaranteed when S E + S C > 4. Fig. 6 and Fig. 7 show the effect of S E and S C with S E + S C > 4. It shows that the rank-one constraint is still guaranteed when S E + S C = 5, while it is not guaranteed when S E + S C > 5.
In Fig. 6 , the number of S E and S C are approximately equal. It is observed that the curves marked with ''SDR'' are very close to their related curves marked with ''Optimum''. Moreover, with the same number of S C , the curves with large number of S E causes more energy consumption at first and they coincide in the end. Because energy consumed by enjoyers will not increase any more once the storage threshold is satisfied, while in this case collaborators consume more energy to transmit and process information. Similarly, with the same number of S E , the curves with different numbers of S C are coincided at first but the curves with larger number of S C shows higher energy consumption with the increment of R.
In Fig. 7 , the number of S E and S C are unequal and the ratio of S E to S C is less than 1. It is observed that more collaborators consume more energy. In addition, compared with the results in Fig. 6 , the curves with the ratio of S E to S C closing 1 show a small difference between ''SDR'' results and ''Optimum'' results under the condition of the same sum of S C and S E .
V. CONCLUSION
This paper studied the optimal resource allocation in RF EH aware wireless powered sensor networks. To meet the requirement of green communications, we formulated an optimization problem to minimize the total energy consumption at two RRUs by jointly optimizing energy beamforming and time assignment. For practical design, we considered the circuit energy consumption including basic circuit and information processing energy consumption at sensors. To solve this non-convex optimization problem, variable substitutions and SDR method were applied. We theoretically proved that when the number of sensors are not more than 4, the rank-one constraint is always guaranteed. When it is larger than 4, via simulations we showed that with our proposed method, the approximate global optimal results can be achieved. Simulation results showed that the beamforming had greater effect than time assignment on the proposed system. It was shown that the circuit energy consumption affects the system performance obviously. Besides, the total energy consumption at two RRUs caused by different numbers of enjoyers and collaborators was also discussed.
